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Abstract
This work is close beyond the common applicability of the sequence stratig-
raphy principles. Nevertheless one aim is to demonstrate its validity for a small 
ice-dammed palaeo-lake. Since base-level variability is smoothly related with an 
oscillatory motion, the chronostratigraphy chart emerges as a crucial tool to produce 
enough quantitative data for a Fast Fourier Transform (FFT) analysis, even if this 
chronostratigraphy is based on local stratigraphic constraints. The exposed case is 
related to sixth order stratigraphic cycles, even higher, related to high-frequency 
global events occurring at the end of the Pleistocene. The glacio-lacustrine record 
was controlled by an intermittent ice-damming from the main glacier located in 
Andorra. Tributary glacier tongues advance and retreat accordingly to the main 
glacier, however asynchronously. The system Tract evolution and the related 
unconformities reflect the glacier motion imprint. The glacier advances produce an 
unconformable subglacial till, but also a repeated TST-HST sedimentary evolution 
over it and their related conformable surfaces. The long-term base-level evolution 
was leaded by axial tilt cycle, however precession did not appear at the FFT analysis, 
indicating a strong high latitude climatic influence on the palaeo-lake’s evolution. 
The sub-orbital periodicities have been observed in the range of the Heinrich events, 
but also in the range of the Mediterranean salinity anomalies (periodicity of 3–5 ky).
Keywords: Andorra palaeo-glaciers, ice-dammed palaeo-lake, orbital cycles, 
Heinrich events, Mediterranean moisture, palaeo-climate
1. Introduction
The used approach allows to use the principles of sequence stratigraphy in order 
to study the Valira del Nord sedimentary infill, which has been controlled by the 
activity of the valley glaciers.
The unstable glacier motion is identified from its footprint in the sedimentary 
record. This non-stability was forced by global events [1]. Thus, the derived 
New Insights into the Stratigraphic Setting of Paleozoic to Miocene Deposits...
2
sedimentary changes can be then considered as a climate proxy. In such a case, the 
sedimentary infill is ruled by sixth order stratigraphic cycles [2] or higher frequency 
global events, like Heinrich events. In such natural phenomena the icebergs break 
off from the glaciers crossing the Northern Atlantic Ocean influencing the circula-
tion patterns of thermohaline currents.
The sedimentary infill from the La Massana has been assimilated to eustasy 
cycles produced in a passive margin basin. In such a case the deltaic build-up 
depends exclusively on base level changes. In the case of La Massana, an ice-
dammed palaeo-lake was produced at each significant glacier advance.
The mapping resolution derives from available profiles (about 232 profiles) par 
basin surface (about 11 km2), here close to 50 profiles par km2. Stratigraphic data 
is accessible in an online database [3]. The chronological resolution derives from 
previous published dating [1], from about 17 absolute dating in a span of time of 
46 cal ka (one par 3 ka).
Previous woks [4] supposed a regular timing of the depositional sequence build-
up, however this assumption was supported with too few datings. Although the 
impact of global events in continental areas, like Heinrich events, was still not well 
known [5]. However increasing data, especially geochemistry and absolute datings, 
a first correlation to the global events could be performed by [6, 7]. Nowadays, since 
the chronostratigraphic framework has been settled at La Massana [1] it is possible 
to assess numerically the impact of the global events.
This work aims to explore about the main forcing causes that ruled the system 
tracts deposition in this ice-dammed palaeo-lake.
2. Setting
The Principality of Andorra (42°30′N, 1°30′E) is located in the southern slope 
of the eastern Pyrenees (Figure 1). The height of about one half of its surface 
(233 km2) exceeds 2000 m a.s.l., and the landscape has been mainly controlled by 
the glacial geomorphology and by glacial geology. The tributary valley system has 
a “Y” shape, with two main basins joining in the city of Andorra (1000 m a.s.l.). 
The highest peaks occur in the Valira del Nord valley, the NW tributary (145 km2), 
reaching 2942 m a.s.l. (Coma pedrosa Peak), not far from the first easternmost 
3000 peak from the Pyrenees, the Pica d’Estats peak (3143 m a.s.l.) on the Franco-
Spanish border. In former times different glaciers coming from the Valira del Nord 
valley converged with those coming from the NE valleys (211 km2), and form the 
main glacier of Andorra (Figure 2). The NE tributary embraces the Valira d’Orient 
(166 km2) and the Madriu valley (45 km2), the last one listed in the UNESCO’s 
world human heritage. This main glacier overflowed the Spain-Andorra border 
(838 m a.s.l.) at the Upper Pleistocene [8].
The studied area is located in the lowest part of the Valira del Nord tributary 
(Figure 3), involving the village of Erts (42° 33′ 41′′ N–1° 29′ 48′′ E, 1360 m a.s.l.), 
and the towns of La Massana (42° 32′ 44′′ N–1° 30′ 53′′ E, 1230 m a.s.l.) and 
Ordino (42° 33′ 19′′ N–1° 31′ 60′′ E, 1300 m a.s.l.). The Valira del Nord popula-
tion (15,000 people) lives in 1% of its basin surface and urban zones lack in space. 
Understanding the stratigraphy and the extent of the palaeo-lake sediments is quite 
relevant for Engineering-Geologists who work in La Massana. Glaciolacustrine 
deposits produced during the Last Glacial Period influence mainly on building bear-
ing capacity and hazards of excavations. For this reason when the spatial distribu-
tion knowledge is improved, the variability and predictability nature of sediments 
is reduced. Geological knowledge improves the safety factors to apply on such 
projects and reduces costs. No-negligible financial efforts are actually employed 
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Figure 1. 
Geological framework from the eastern Pyrenees, rich in metamorphic and granite rocks from the Paleozoic. 
Mesozoic rocks are mainly located side to side from the Paleozoic mountain range, however Cenozoic rocks are 
discordantly placed over the Paleozoic rocks close to Prades, Puigcerda and La Seu d’Urgell. Such rocks are 
related to a large graben system until the Gulf of lion. Andorra is situated on the western side of the eastern 
Pyrenees.
Figure 2. 
General palaeo-glaciers configuration from Andorra. At the upper Pleistocene three large valleys converge at 
the same point to form the main glacier of Andorra.
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for geotechnical surveying, what benefit the sequence stratigraphy approach by the 
available profiles. Fortunately or unfortunately, it depends on the lecturer’s opinion, 
there is no any other region in the southern slope of the Pyrenees with a comparable 
building pressure than in Andorra, making La Massana palaeo-lake a case unique in 
this region.
However, unique are also other ice-damming cases in the Pyrenees, like Llestui, 
Llauset, Cerler, Linás de Broto [9, 10], or in their respective mountain massif, like 
Pias in NW Spain [11], but in none of such cases had been correlated to global 
climatic events previously as in La Massana [1].
La Massana palaeo-lake was dammed by the largest glacier from Andorra at MIS 
3 [12], long time after the maximum ice extent (MIE) in Andorra (Figure 4). The 
MIE is previous to 59 ka, just before a widespread glacier recession that starts before 
40 ka cal BP [13]. The maximum ice extent (MIE) in the Pyrenees is diachronous 
to the global last glacial maximum (LGM) of the northern hemisphere ice sheets 
[14–18].
This large period of glacier recession in the Pyrenees at the MIS 3 start is a 
classical boundary from the local würmian stratigraphy of prehistoric excavations, 
the würm II - würm III boundary [19, 20]. A general glacier advance before 32 ka 
occur in Andorra [21], also in the SW Pyrenees [22], and in the inner Iberia could 
be the beginning of glacier tongues presence [23]. The starting point of the glacio-
lacustrine sedimentation in La Massana palaeo-lake is related to that general glacier 
advance at MIS 3. However all glaciers recede again short after [1]. Only the SE 
Pyrenees glaciers recover their original extent at MIS 2 [1], but those from the SW 
Pyrenees not [24].
Figure 3. 
Extension of the palaeo-lake and related stratigraphic profiles. The profiles related to the Erts and Hortals 
deltas are plotted as black dots.
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3. Methods
Two different but complementary disciplines of the sequential stratigraphy 
can be clearly differentiated: 1) the analytical way and 2) the synthetic way. The 
last of both aims to develop a time scale of global changes that can be inserted into 
the global chronostratigraphic scale. The first one, that is the analytical concept, is 
understood as stratigraphic modeling of facies associations.
In any cases the main goal is the recognition of units (set of strata) within the 
basin infill materials, limited by surfaces that mark a genetic change conditions 
affecting the entire basin. Its recognition is a mandatory object in all basin analysis.
3.1 Hierarchy
The applicability of the sequence stratigraphy to large ice-dammed palaeo-lakes 
has been settled since the end of the last century [25]. Shortly after sequence stra-
tigraphy principles were used in Andorra [21]. In such works the sequence stratig-
raphy terminology is widely applied such as depositional sequences, system tracts 
and parasequences. However, since theses pioneer works the use of the sequence 
stratigraphy terminology to describe the sedimentary architecture from glaciated 
valleys in Iberia starts to be common [1, 8, 17, 26].
Figure 4. 
La Massana palaeo-lake configuration sketch pad. The Valira del Nord valley get trunk by the main glacier 
of Andorra. This produced the formation of the La Massana palaeo-lake. Local glaciers (Ordino and Arinsal 
glaciers) build two proglacial deltas, the Hortals and Erts deltas.
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The term of depositional sequence were introduced by [27, 28], and corresponds 
to a relatively concordant stratigraphic succession of genetically related strata, 
where the base and the top are discontinuities, as well as their correlative surfaces 
though the basin. However, the essential criteria for the recognition and subdivision 
of sequences were established by [29]. Two kind of sequence limits are established 
by discontinuities (SB 1 and SB 2, Surface Boundary), what define also the deposi-
tional sequence type.
The System Tracts were introduced by [27, 28] to name the set of contempo-
raneous depositional systems formed under the same base level conditions. The 
System Tracts sedimentary models were established according to their transgressive 
retrograde character (TST, transgressive system tract), regressive prograde (FSST, 
falling stage system tract & LST, lowstand system tract), transgressive or prograde 
character (HST, highstand system tract).
A set of relatively concordant strata limited by flooding surfaces are parase-
quences [30]. Three types of parasequences can be distinguished: (1) Those that 
had a progradational character, (2) those that are retrogradational, and (3) those 
that had an aggradational character. Such sedimentary build-up is according to the 
material supply contribution, but also in function to the base level evolution.
Since this approach is based on the magnitude of base-level changes and related 
boundary formation (independently to the cycle span), sequence ordering are 
somewhat relative. Ordering is based on the principle that a sequence cannot 
involve a boundary that has an equal or greater magnitude than the one at the start 
of the sequence [31], but also the magnitude of base-level changes leads the hierar-
chical rank of the bounding surface (SB, sequence boundary) and unconformities 
(US, unconformity surface), so temporal and spatial scales are not relevant [32], 
and thus applicable to this case of study.
3.2 Dichotomization
Since glacial valleys form by external processes, the sedimentary infill at their 
troughs, can be assimilated to the one produced in a passive margin [4]. Thus, only 
type 1 discontinuity can able to be produced in constrained glacial valleys like La 
Massana. Sequences starting on such kind of discontinuity had three system tracts, 
a FSST-LST, the TST and HST. However for large ice-dammed palaeo-lakes type 2 
discontinuity has been announced by [25].
In the case of constrained ice-dammed palaeo-lakes from valley glacier, the gla-
cial tongues were small comparing to the mountain range rot (>25 km) [33], what 
Figure 5. 
Subglacial till unconformity and LIFO (last in-first out) system tract evolution. From left to right: The trunk 
glacier flood the palaeo-lake produces a type 1 depositional sequence with almost three system tracts (LST, TST, 
HST). The local glacier invaded the palaeo-lake, deformed and eroded previous sediments; a subglacial till 
is deposited; and the overall produced an unconformity. Recession of the local glacier promoted the formation 
of two new system tracts (TST and HST), over the unconformity surface and its correlative surfaces. In 
such evolution the last glacier that came in La Massana’s palaeo-lake it was also the first to left (LIFO) the 
palaeo-lake.
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inhibit quick glacio-isostatic rebound and vertical accommodation, reducing the 
possible surface boundaries to an unique case, the type 1 case. For large ice-dammed 
lakes the principles are the same, however several sedimentary assemblages types 
can coexist [25], in parallel to sedimentary accommodation [34] or uplift (glacio-
isostatic rebound).
A particular unconformity has been defined [4] related to the glacier motion. When 
the glacier tongue overrode its own proglacial deposits, deformation-compaction and 
eventually erosion would be produced [25]. In such a case unconformity and diamicton 
are synchronously produced (Figure 5), and thus sequences that include diamictons 
had two supplementary system tracts, the TST and the HST [1].
3.3 Particular assemblages
Glaciolacustrine deltas in ice-dammed valley glaciers [1, 26] are commonly of 
Gilbert type [35]. Their bottomset is much larger than the foreset and topset, what 
mean that most of the available outcrops are related with dense turbidites and 
rhythmites (Figure 6). For that reason the study of fine grain-size facies and their 
relative position are important. Ice-dammed lakes sedimentation is dominated by 
turbidity currents when the ice dam seals the end of the valley [36, 37].
If the damming increases an induced transgression occurred by ice  thickening, 
then lacustrine facies migrated upward into the valley. Glacier induced 
Figure 6. 
Simplified sedimentary mapping facies from the La Massana palaeo-lake between the Hortals and Erts deltas 
and related stratigraphic profiles [3]. The Hortals delta overrode the bottom set of the Erts delta. Subglacial till 
layers interdigite delatic sediments.
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unconformity drive base level to shift, similarly as by an eustacy cause [29]. Once 
the ice ends to grow, the base level remains stable and delta progression is due by 
large outwash from meltwaters [17, 26]. Mass flows and grain flows on the foreset 
slope are then produced [36]. Inversely graded gravel and sand facies were found 
by [4] filling scours from previous mass flow channels, similar to the high stand 
turbidites [38], but also lenticular bodies that had Bouma’s truncated series [39] 
were described at the bottomset [1].
If the damming ceased by glacier recession, the base lake level drops producing 
very marked erosion and incisions [32]. Debris flows and denser turbidites are then 
deposited in the lowstand fans [38].
4. Sedimentary architecture from La Massana palaeo-lake
Two deltas have been distinguished (Figure 6), the Hortals and Erts deltas, 
forming an staircase system that works sequentially. The sedimentary build-up 
of the Hortals delta trunk the bottom set of its tributary’s delta (Erts), however 
truncation was unstable by the glaciers front oscillations. When the local glacier 
Figure 7. 
Simplified chronostratigraphy from the La Massana palaeo-lake inferred from the base-level evolution. SB: 
Sequence boundary. US: Unconformity surface. FSST, forced stand system tract; LST, low system tract; TST, 
transgressive system tract; HST, high system tract, LIFO, last in-first out system tract evolution; mrs, maximum 
regressive surface; mfs, maximum flooding surface. Overprinted the polynomial evolution of the overall base-
level evolution (parabola).
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stabilized its front at La Massana palaeo-lake, the Hortals delta gets feed with 
outwash sediments coming from the glacier’s meltwaters. When the Ordino glacier 
advanced over the Hortals delta its tributary (Arinsal valley) was then flooded and 
a highstand proglacial delta was built at the locality of Erts, feed by meltwaters of 
Arinsal glacier [1]. Glacier recession is produced in the reverse order, the last to 
come was the first to quit the palaeo-lake’s margin.
Almost seven depositional sequences (SD) have been described in the valley of 
Arinsal [1], each divided from the others by type 1 discontinuities (Figure 7). In 
all cases, the nature of the discontinuity leads by subaerial exposure and colluvium 
deposits (FSST). In some of the recessional phases, the LST local base level could lead 
by the main glacier of Andorra, the Valira d’Orient glacier. Then coarse turbidites 
outward from the prodelta feeding with sediments the bottom set (SD2 and SD4) [1].
In all depositional sequences the TST starts when the ice volume in the Valira 
d’Orient trunk glacier increase and flood its tributary valley. As damming persisted, 
parasequences became retrograde and low-density turbidites where produced. 
Ice-damming steady-state and maximum flooding surfaces (msf) are both linked, 
regarding the start of the HST. Extensive rhythmites are then deposited in the 
palaeo-lake. However if damming progresses a higher base-level reach in the 
palaeo-lake, subglacial till sedimentation also progresses by the advance of the local 
glaciers. This subglacial till is a sedimentary unconformity (Unconformity Surface, 
US) correlative to a transgressive surface (TS), or maximum regressive surface 
(mrs), promoting the start of a new TST [1].
The two starting sequences (Figure 7) had relative large sedimentary hiatus 
starting abruptly in a Forced Stand System Tract (FSST). That happen also at the 
start of the third and fifth sequences (Figure 7), however the time span is lesser at 
the start of the second and the forth sequence (Figure 7).
The relationship between water-depth changes is a complex matter, and not 
always elucidated [32]. Being aware to this, only absolute height of the base-level 
(meters above the sea level) is here considered. When applying this to the general 
trend of the palaeo-lake base-level for all HST and all LST (Figure 8) a normal 
regression evolution [32] is identified at both. From this is possible to infer that del-
tas topsets grow faster than their bottomsets [32], or differential flooding is forded 
Figure 8. 
HST and LST base-level evolution from the La Massana palaeo-lake. In absence of subsidence this evolution 
indicates shallowing along the entire profile [32]. The maximum flooding surfaces forms in deepening waters 
[32]. The surfaces corresponding to the peak of deepest water forms within the LIFO system tract evolution.
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by the glaciers (local ice-tongues melt faster). Either cases promotes the formation 
of long clinoforms through time [40, 41], resulting in thin bottomsets and thick 
delta fronts (foresets and topsets).
Several TST and HST had been distinguished [1] within the sequences. Three intra-
sequence unconformities (US) are identified regarding the glaciers motion. The trunk 
glacier (Andorra) produces the first unconformity (USa), and its correlative surface is a 
maximum regressive surface (mrs). The biggest local glacier (Ordino) produces a sec-
ond unconformity (USb) when it advance, and its correlative surface is a transgressive 
surface (TS). The last unconformity (USc) is produced when the Arinsal (the smallest 
glacier) advance into the palaeo-lake. However at the younger sequences (SD7 and SD6) 
the Arinsal glacier did not reach the palaeo-lake, only USa and USb were formed [1].
5. Depicting base-level rates
Low-order polynomial curves had been used to fit long-term trends in time 
series data, like first-order functions (linear) and second-order polynomial qua-
dratic type function:
  y =  ax 2 + bx + c (1)
Wich is a parabola involving a single maximum value. Progressive increase in 
complexity, nth-order polynomial equation had n-1 maxima and minima values, 
that can be used to extract trends from a log evolution (Figure base level), like 
the palaeo-lake base-level. The rate of the base-level change for a given time-step 
is given by the first derivative of the polynomial Equation [32], while the second 
derivative the variation of the rate for a given time-step (acceleration).
For La Massana glaciolacustrine record two maxima are almost needed to ensure 
the general trend for the palaeo-lake base-level, one at the MIS 2 and the other one 
at the MIS 4 related to the MIE glacial phase [1]. The minimal base-level happen 
when the general glacier recession occur at the beginning of the MIS 3 [1]. Then a 
Figure 9. 
Polynomial adjustment for the evolution of the palaeo-lake’s HST between MIS 3 and MIS 2.
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third-order polynomial equation (n-1 = 2) must be invoked first (Figure 9). The 
first derivative (base-level rate) is a parabola (Figure 10), so a single maximum  
(a minimum in this case) is expected. The second derivative (variability of the 
rate) is here a linear function (Figure 10) and the acceleration is proportional to its 
inclination.
A Massana the sense of the acceleration change at 32 ka to a negative decrease, 
in fact acceleration increases. Thus the base-level rate (velocity) starts to increase, 
close to the MIS 3 – MIS 2 boundary.
6. Depicting cycles from the sedimentary record
The chronological differences between sequences are related to a high frequency 
cycles [42] in the palaeo-lake. Time-based hierarchy emphasizes here general orbital 
mechanisms driving the existing glacier to dam the valley, however the damming 
intermittency is ranging suborbital frequencies [1].
Fast Fourier Transform spectral analysis from the base-level rate (Figure 9) 
exhibit significant correlation to the orbital 41 ka axial tilting period (Figure 11), 
which affect the total annual solar radiation at high latitude (Imbrie & Imbrie, 
1986). However, Andorra’s latitude is not so high, but the main trend of the ice-
damming acts as it was. Equinoxes precession are not present in the FFT spectra, 
a 23 ka time period orbital cycle [43], affecting the total annual solar radiation at 
low latitude [44]. This would imply a strong climate forcing from higher latitude 
climate over Andorra.
Faourier Transform spectral analysis from the base-level itself (Figure 7) exhibit 
significant correlation to sub orbital periods (Figure 12). The 7.4 kyrs period would 
Figure 10. 
Derivative rates from the polynomial equation involving all the palaeo-lake’s HST. The first derivative 
(velocity) reacts to the negative trend of the second derivative (deceleration). Motion’s rates change at the MIS 
3- MIS 2 boundary. Less frequent D-O events promote persistent LIFO system tract evolution and higher base-
levels through time (see text for further explanation).
New Insights into the Stratigraphic Setting of Paleozoic to Miocene Deposits...
12
be related to Heinrich events [1], which affect the North Atlantics polar front posi-
tion. Higher frequency cycles with a period of 4.1 kyrs and 5.3 kyrs are also depicted 
from the FFT base-level data, linked to strong dry westerly winds blowing over 
the Gulf of Lion and the strength variability of the western Mediterranean stormy 
tracks [45].
Theiterranean can produce regional moisture increases by itself, most likely 
focused on winter. WMDW (Western Mediterranean Deep Water) formation is 
switched-on by outbreaks of the cold and relatively dry Mistral over the Gulf of Lions. 
Then Bernoulli aspiration of deep waters outflows through the Strait of Gibraltar [46]. 
WMDW is produced in winter, however it may not occur every year [45]. Nevertheless 
Figure 12. 
Fast Fourier transform from the base-level evolution. High frequency cycles arise in the FFT spectrum at 7.4, 5.3 
and 4.1 ka. Heinrich events imprint were identified in the palaeo-lake’s record [1], and might correspond to the 
highest peak in the spectrum (7.4 ka). Sub-Milankovich cycles with higher frequencies than the Heinrich events 
could be related to Atlantic – Mediterranean palaeo-climate inferences (see text for further explanation).
Figure 11. 
Fast Fourier transform from the polynomial function (parabola) from the average base-level evolution. Orbital 
axial tilt frequency is the main Milankovich cycle ruling the palaeo-lake’s base-level, and thus ruling the 
glacier’s motion.
13
High Resolution Chronostratigraphy from an Ice-Dammed Palaeo-Lake in Andorra: MIS 2…
DOI: http://dx.doi.org/10.5772/intechopen.81395
WMDW formation under extreme climate forcing outside the Gulf of Lion [45] could 
explain the paleoclimatology of the Eastern Pyrenees.
7. Discussion
Since a strong climate forcing from high latitudes rules the Andorra (SE Pyrenees) 
palaeo-climate, a feedback response may exist within the Mediterranean sea. This 
high latitude influence must be related with the production of strong westerly winds 
[46]. Westeries blowing over the Gulf of Lion enhance cyclonic circulation, inducing 
the WMDW to form in the Balearic basin. Within the gyre centre, mixing convective 
plumes reach great depths (−2000 m) where the net vertical transport is zero, acting 
more likely mixing elements [47]. Divergent Ekman upwelling promotes pycnocline 
shallowing between the surface and intermediate waters [45]. A violent mixing phase 
starts with an intense evaporation and cooling diminishing the density gradient 
between intermediate waters in the western Mediterranean (WM), and these from 
the surface [47]. Quickly the mixed waters sink and spread horizontally at great depth 
into the Balearic basin what form the WMDW [47]. Once the WMDW reach the 
Alboran Sea, the WMDW is a westward current along the Moroccan coast promoting 
evaporation and cooling [48]. Mediterranean Outflow through the Strait of Gibraltar 
involves dense deep outflow from the Strait of Sicily coming from the eastern 
Mediterranean (TDW, Tyrrhenian Deep Water) [49].
Progressive surface buoyancy increase reduces new deep-water formation, 
what might cause reduction of Bernoulli aspiration and potential Mediterranean 
deep-water stagnation [50]. WMDW properties change only due to diffusion (low 
Bernoulli aspiration) producing salinity anomalies in WM [51] when WMDW salin-
ity is higher than in the MIW (Mediterranean Intermediate Water). Between the 
middle Holocene and the LGM the modeled salinity anomalies appear in a periodic-
ity of 3–5 kyrs [50]. Such periodicities are in great accordance to the high frequency 
cycles observed in the La Massana’s palaeo-lake FFT spectra.
However, variability to such general WM pattern increases by massive external 
water incomings, such as deglaciation phases or levantine monsoon influences. In 
the first case cold Alpine melt-water flow to the Gulf of Lion enhancing salinity 
differences causing remarkable changes in the Bernoulli aspiration [50]. Levantine 
monsoon flooding reduces significant differences in salinity and WMDW strength, 
organic layers deposition in the WM area are then favored when deep-water injec-
tions are inhibited [50]. Both cause Mediterranean sea-level increases and in turn 
a great Gibraltar’s strait opening. This effect favor salinity contrasts reduction and 
low exchanging velocities by continuous freshening of Atlantic inflow [52].
8. Conclusions
Larger valley would produce larger glacier as its de case for the Andorra glacier 
[1], but this cannot explain a faster ice growing at the smaller valleys. A sequential 
westward advance of the glaciers is observed [1] as follows: the Valira d’Orient 
glacier firstly advance and trunk La Massana, then the Ordino’s glacier advance 
and trunk the Arinsal valley, and at the end the Arinsal glacier advance. Reverse 
glacier motion also occurred, in an eastward glacier recession. Glacier ongoing-
outgoing motion strongly influenced the glaciolacustrine record. Last In-First Out 
glaciers motion produce a base-level pile-up sequence (a LIFO sequence), in where 
TST-HST repeat several times in a single depositional sequence.
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An eastward valley trend of snow owing to easterly moisture incomes of the 
Mediterranean sea may explain such westward motion of glaciers. Persistence of 
snow deflation experienced on the windward slopes [17] would explain a faster ice-
grow of the eastern glacier of Andorra. This could be the reason why the Andorra 
glacier block out always its tributary valley first, even several millennia before than 
the local glaciers advance until the vicinity of the palaeo-lake. Moisture incomings 
could have a strong Mediterranean influence [53] at the beginning of each sequence, 
drifting to the west and producing the observed intra-sequence unconformities 
evolution (LIFO sequence).
The starting time-period of such dynamics is around 32 ka, when negative 
acceleration and base-level rate increase (Figure 10). This coincides when D-O 
events [54] become less frequent [8, 17]. An increase of the base-level rate entails 
also better snow accumulation, just in a steady decline of insolation [8]. Long-term 
evolution of the palaeo-lake base-level is leaded by the 41 kyr orbital cycle.
Precession did not appear at the FFT spectra, somewhat surprising since 
Andorra’s latitude is not so high. This might indicate a strong high latitude climate 
influence in the palaeo-lake’s evolution.
Suborbital periodicities are also observed in the palaeo-lake base-level FFT 
spectra, in the range of Heinrich events [1], but also in the range of Mediterranean 
salinity anomalies (3–5 kyrs). Such anomalies are linked to the Mediterranean 
Levantine monsoon/flooding that reduces the Western Mediterranean Deep Water 
strength (WMDW). This inhibits the Tyrrhenian Deep Water (TDW) to advance 
toward the western Mediterranean over the Strait of Sicily, and the WMDW are not 
able to reach the Alboran sea. However only during persistent strong westerly winds 
situation blowing on the Gulf of Lion enhance the WMDW current, inverting the 
stagnation situation of the western Mediterranean.
Dry mistral winds coming from the Atlantics crossing over Iberia to the 
Mediterranean force the general retreat of the glaciers from the Pyrenees, almost 
those from the southern slope. Type 1 surface boundaries are then produced in the 
La Massana palaeo-lake. Ice-damming and system tracts progression could happen 
only when persistent moisture incomings feed Andorra, apparently in opposition to 
a low WMDW. However any Mediterranean moisture influence over the SE Pyrenees 
does not progress with the same intensity toward the Western Pyrenees [53].
15
High Resolution Chronostratigraphy from an Ice-Dammed Palaeo-Lake in Andorra: MIS 2…
DOI: http://dx.doi.org/10.5772/intechopen.81395
[1] Turu V, Calvet M, Bordonau J, Gunnell 
Y, Delmas M, Vilaplana J M, Jalut G. Did 
Pyrenean glaciers dance to the beat of 
global climatic events? Evidence from 
the Würmian sequence stratigraphy of 
an ice-dammed palaeolake depocentre 
in Andorra. In Hughes P D, Woodward J 
C, editors. Quaternary Glaciation in the 
Mediterranean Mountains. Geological 
Society, London, Special Publications. 
2017;433(1);111-136. DOI: 10.1144/
SP433.6
[2] Vail PR, Audernard F, Bowman 
SA, Eisner PN, Perez-Cruz C. The 
stratigraphic signatures of tectonics, 
eustasy and sedimentologu-an 
overview. In: Einsele G, Ricken W, 
Seilacher A, editors. Cycles and Events 
in Stratigraphy. Berlin: Springer-Verlag; 
1991. pp. 617-659
[3] Marcel Chevalier Earth Science 
Foundation database [Internet] 2013. 
Available from http://llacglacial.no-ip.
org/. [Accessed: 2018-07-31]
[4] Turu V. Análisi secuencial del delta 
de Erts. Estratigrafía de un valle glacial 
obturado intermitentemente. Relación 
con el último ciclo glaciar. Valle de Arinsal, 
Pirineos Orientales. Parte I: El método 
utilizado. Parte II: Aplicación. In: Serrano 
E, editor. Estudios recientes (2000-2002) 
en Geomorfología: Patrimonio, montaña y 
dinámica territorial. Valladolid: Sociedad 
Española de Geomorfología (SEG)-
Departamento de Geografía, Universidad 
de Valladolid; 2002. pp. 555-574
[5] Grousset F. Les changements 
abrupts du climat depuis 60000 ans. 
Quaternaire. 2001;12(4):203-211. DOI: 
10.3406/quate.2001.1693
[6] Turu V, Bordonau J. Estudio 
geoquímico de los sedimentos 
glaciolacustres de la Massana y Ordino 
(Andorra, Pirineos Orientales): 
Influjo sedimentario entre lagos de 
obturación yuxtaglaciar, interpretación 
paleoambiental. In: Baena R, Fernández JJ, 
Guerrero I, editors. El Cuaternario Ibérico: 
Investigación en el siglo. Vol. XXI. Sevilla: 
Asociación Espanola para el Estudio 
del Cuaternario & Grupo do Trebalho 
Portugués para ou Estudio do Quaternário 
(AEQUA-GTPEQ); 2013. pp. 204-208
[7] Turu V, Jalut G. Glaciation in the 
eastern Pyrenees between NGRIP/
GRIP GS-9 and GS-2a stadials: 25,000 
years of palaeoenvironmental record 
in the Valira valleys (Principality 
of Andorra). In: Proceedings of the 
International Conference Paléoclimats 
et environnements quaternaires, quoi de 
neuf sous le soleil ? (Q10); 16-18 February 
2016. Bordeaux: AFEQ-CNF-INQUA; 2016
[8] Turu V, Boulton GS, Ros X, Peña-
Monné JM, Bordonau J, Martí-Bono 
C, et al. Structure des grands bassins 
glaciaires dans le nord de la péninsule 
ibérique: Comparaison entre les vallées 
d’Andorre (Pyrénées orientales), 
du Gallego (Pyrénées centrales) et 
du Trueba (Chaîne Cantabrique). 
Quaternaire. 2007;18(4):309-325. DOI: 
10.4000/quaternaire.1167
[9] Bordonau J. Els complexos glacio-
lacustres relacionats amb el darrer cicle 
glacial als Pirineus. Geoforma Ediciones: 
Logroño; 1992. 251 p
[10] Sancho C, Arenas C, Pardo G, Peña-
Monné JL, Rhodes EJ, Bartolomé M, 
et al. Glaciolacustrine deposits formed 
in an ice-dammed tributary valley 
in the south-Central Pyrenees: New 
evidence for late Pleistocene climate. 
Sedimentary Geology. 2018;366:47-66. 
DOI: 10.1016/j.sedgeo.2018.01.008
[11] Pérez-Alberti A, Valcárcel-Díaz M, 
Martini IP, Pascucci V, Andreucci S. 
Upper Pleistocene glacial valley-junction 
sediments at Pias, Trevinca Mountains, 
NW Spain. In: Martini IP, French HM, 
Pérez-Alberti A, editors. Ice-Marginal 
and Periglacial Processes and Sediments. 
References
New Insights into the Stratigraphic Setting of Paleozoic to Miocene Deposits...
16
Vol. 354. Geological Society, London, 
Special Publications; 2011. pp. 93-110. 
DOI: 10.1144/SP354.6
[12] van Meerbeeck CJVC, Renssen H, 
Roche DMVAP. How did marine isotope 
stage 3 and last glacial maximum 
climates differ? 2009 perspectives from 
equilibrium simulations. Climate of the 
Past Discussions. 2009;4(5):33-51. DOI: 
10.5194/cp-5-33-2009, 2009
[13] Planas X, Corominas J, Vilaplana 
JM, Altimir J, Torrebadella J, Amigó 
J. Noves aportacions al coneixement 
del gran moviment del Forn de Canillo, 
Principat d’Andorra. In: Turu V, 
Constante A, editors. El Cuaternario en 
España y áreas afines, avances en 2011. 
Andorra la Vella: Asociación Española 
para el Estudio del Cuaternario & 
Fundació Marcel Chevalier (AEQUA-
FMC); 2011. pp. 163-167
[14] Jalut G, Delibrias G, Dagnac J,  
Mardones M, Bouhours M. A 
palaeoecological approach to the last 21 
000 years in the pyrenees: The peat bog 
of Freychinede (alt. 1350 m, Ariege, 
South France). Palaeogeography, 
Palaeoclimatology, Palaeoecology. 
1982;40(4):321-336 and 343-359. DOI: 
10.1016/0031-0182(82)90033-5
[15] Jiménez-Sánchez M, Farias-Arquer 
P. New radiometric and geomorphologic 
evidences of a last glacial maximum 
older than 18 ka in SW European 
mountains: The example of Redes 
Natural Park (Cantabrian Mountains, 
NW Spain). Geodinamica Acta. 
2002;15(1):93-101. DOI: 10.1016/
S0985-3111(01)01081-6
[16] García-Ruiz JM, Valero-Garcés BL, 
Martí-Bono C, González-Sampériz P. 
Asynchroneity of maximum glacier 
advances in the central Spanish 
Pyrenees. Journal of Quaternary Science. 
2003;18:61-72. DOI: 10.1002/jqs.715
[17] Jalut G, Turu V, Dedoubat JJ, Otto 
T, Ezquerra J, Fontugne M, et al. 
Palaeoenvironmental studies in NW 
Iberia (Cantabrian range): Vegetation 
history and synthetic approach of the 
last deglaciation phases in the western 
Mediterranean. Palaeogeography, 
Palaeoclimatology, Palaeoecology. 
2010;297:330-350. DOI: 10.1016/j.
palaeo.2010.08.012
[18] Hughes PD, Gibbard PL, Ehlers 
J. Timing of glaciation during the last 
glacial cycle: Evaluating the concept of 
a global ‘last glacial maximum’(LGM). 
Earth-Science Reviews. 2013;125:171-198. 
DOI: 10.1016/j.earscirev.2013.07.003
[19] de Lumley-Woodyear H. Le 
Palèolithique infèrieur et moyen du 
Midi méditerranéen dans son cadre 
géologique. Gallia Préhistoire. 1969. 
V(I-II); 234-445. DOI: 10.1017/
S0079497X00012871
[20] Renault-Miskovsky J. Relation 
entre les spectres archéo-polliniques du 
Sud-Est de la France et les oscillations 
climatiques entre 125000 ans et le 
maximim glaciaire. Quaternaire. 
1986;23(1-2):56-62. DOI: 10.3406/
quate.1986.1793
[21] Jalut G, Turu V. La végétation 
des Pyrénées françaises lors du 
dernier épisode glaciaire et durant la 
transition Glaciaire-Interglaciaire (Last 
Termination). Els Pirineus i les àrees 
circumdants durant el Tardiglaciar. 
In: Proceedings of the XIV Col.
loqui internacional d’Arqueologia 
de Puigcerdà: Mutacions i filiacions 
tecnoculturals, evolució paleoambiental 
(16 000-10 000 BP). Puigcerdà: Institut 
d’Estudis Ceretans; 2008. pp. 129-150
[22] Lewis CJ, McDonald EV, Sancho C, 
Peña-Monné JL, Rhodes EJ. Climatic 
implications of correlated upper 
Pleistocene and fluvial deposits on 
the Cinca and Gallego Rivers (NE 
Spain) based on OSL dating and soil 
stratigraphy. Global and Planetary 
Change. 2009;67:141-152. DOI: 
10.1016/j.gloplacha.2009.01.001
17
High Resolution Chronostratigraphy from an Ice-Dammed Palaeo-Lake in Andorra: MIS 2…
DOI: http://dx.doi.org/10.5772/intechopen.81395
[23] Turu V, Carrasco RM, Pedraza J, 
Ros X, Ruiz-Zapata B, Soriano-López 
JM, et al. Late glacial and post-glacial 
deposits of the Navamuño peatbog 
(Iberian central system): Chronology 
and paleoenvironmental implications. 
Quaternary International. 
2018;470:82-95. DOI: 10.1016/j.
quaint.2017.08.018
[24] Montserrat-Martí JM. Evolución 
glaciar y postglaciar del clima y la 
vegetación en la vertiente sur del 
Pirineo: Estudio palinológico. Zaragoza: 
Monografía 6 Instituto Pirenaico de 
Ecología; 1992. 147 p
[25] Brookfield ME, Martini IP. Facies 
architecture and sequence stratigraphy 
in glacially influenced basins: Basic 
problems and water-level/glacier 
input-point controls (with an example 
from the Quaternary of Ontario, 
Canada). Sedimentary Geology. 
1999;123(3-4):183-197. DOI: 10.1016/
S0037-0738(98)00088-8
[26] Carrasco RM, Turu V, Pedraza J, 
Muñoz-Martín A, Ros X, Sánchez-
Vizcaíno J, et al. Near surface 
geophysical analysis of the Navamuño 
depression (sierra de Béjar, Iberian 
central system): Geometry, sedimentary 
infill and genetic implications 
of tectonic and glacial footprint. 
Geomorphology. 2018;315:1-16. DOI: 
10.1016/j.geomorph.2018.05.003
[27] Mitchum RM Jr, Vail PR, Thompson 
S III. Seismic stratigraphy and global 
changes of sea-level, part 2: The 
depositional sequence as a basic unit for 
stratigraphic analysis. In: Payton CE, 
editor. Seismic Stratigraphy –  
Applications to Hydrocarbon 
Exploration. Vol. 26. Tulsa: American 
Association of Petroleum Geologists 
Memoir; 1977. pp. 53-62
[28] Mitchum RM Jr. Seismic 
stratigraphy and global changes 
of sea-level, part II: Glosary of 
therms used in seismic stratigraphy. 
In: Payton CE, editor. Seismic 
Stratigraphy – Applications to 
Hydrocarbon Exploration. Vol. 26. 
Tulsa: American Association of 
Petroleum Geologists Memoir; 1977. 
pp. 205-212
[29] Vail PR, Hardenbol J, Tood RG.  
Jurassic unconformities, 
chronostratigraphy, and sea level 
changes from seismic stratigraphy 
and biostratigraphy. In: Schlee JS, 
editor. Interregional Unconformities 
and Hydrocarbon Accumulation. Vol. 
36. Tulsa: American Association of 
Petroleum Geologists Memoir; 1984. 
pp. 129-144
[30] Van Wagoner JC, Posamentier HW, 
Mitchum RM Jr, Vail PR, Sarg JF, Loutit 
TS, Hardenbol J. An overview of the 
fundamentals of sequence stratigraphy 
and key definitions. In: Wilgus CK, 
Hastings BS, Kendal CGSC, Posamantier 
HW, Ross CA, Van Wagoner JC, editors. 
Vol. 42. SEPM Special Publications; 
1988. pp. 39-45
[31] Embry AF. Sequence boundaries 
and sequence hierarchies; problems 
and proposals. In: Steel RJ, Felt VL, 
Johannessen EP, Mathieu C, editor. 
Sequence stratigraphy on the Northwest 
European Margin. Vol. 5. Norwegian 
Petroleum Society (NPF) Special 
Publications; 1995. pp. 1-11
[32] Catuneanu O. Principles of Squence 
Stratigraphy. Italy: Elsevier; 2006. 375 p. 
DOI: 10.1017/S0016756807003627
[33] Pous J, Ledo JJ, Marcuello A, 
Daignières M. Electrical resistivity 
model of the crust and upper mantle 
from a magnetotelluric survey through 
the Central Pyrenees. Geophysical 
Journal International. 1995;121:750-
762. DOI: 10.1111/j.1365-246X.1995.
tb06436.x
[34] Perkins AJ, Brennand TA. Refining 
the pattern and style of cordilleran 
ice sheet retreat: Palaeogeography, 
New Insights into the Stratigraphic Setting of Paleozoic to Miocene Deposits...
18
evolution and implications of 
lateglacial ice-dammed lake systems 
on the southern Fraser plateau, 
British Columbia, Canada. Boreas. 
2015;44(2):319-342. DOI: 10.1111/
bor.12100
[35] Gilbert CK. Lake Bonneville. US 
Geological Survey Memoir. 1890;1:1-438
[36] Fitzsimons SJ. Sedimentology 
and depositional model for 
glaciolacustrine deposits in an ice-
dammed tributary valley, western 
Tasmania, Australia. Sedimentology. 
1992;39(3):393-410. DOI: 10.1111/
j.1365-3091.1992.tb02124.x
[37] Fitzsimons S, Howarth J. 
Glaciolacustrine processes. 
In: Menzies J, van der Meer 
JJM, editors. Past Glacial 
Environments. 2nd ed. Elsevier; 
2018. pp. 309-334. DOI: 10.1016/
B978-0-08-100524-8.00009-9
[38] Mutti E. Turbidite systems and their 
relations to depositional sequences. 
In: Zuffa GC, editor. Provenance of 
Arenites. Dordrecht: NATO ASI Series C 
- Reidel Pub.(Springer); 1985. pp. 65-93. 
DOI: 10.1007/978-94-017-2809-6_4
[39] Bouma AH. Turbidites. In: Bouma 
AH, Brouwer A, editors. Developments 
in Sedimentology. Vol. 3. Amsterdam: 
Elsevier; 1964. pp. 247-256. DOI: 
10.1016/S0070-4571(08)70967-1
[40] Berg OR. Seismic detection and 
evaluation of delta and turbidite 
sequences: Their application to 
exploration for the subtle trap. 
American Association of Petroleum 
Geologists Bulletin. 1982;66:1271-1288
[41] Bhattacharya JP, Walker RG. Deltas. 
In: Walker RG, James NP, editors. Facies 
Models: Response to Sea Level Changes. 
Vol. 1. St John’s: Geological Association 
of Canada Geotext; 1992. pp. 157-178. 
DOI: 10.1002/gj.3350290317
[42] Vail PR, Audemard F, Bowman SA, 
Eisner PN, Pérez-Cruz C. The 
stratigraphic signatures of tectonics, 
eustasy and sedimentology, an overview. 
In: Einsele G, Riken W, Seilacher A, 
editors. Cycles and Events in Stratigraphy. 
Berlin: Springer-Verlag; 1991. pp. 617-659
[43] Milankovitch M. Kanon der 
Erdbestrahlung und seine Anwendung 
auf das Eiszeitenproblem. Belgrade: 
Zavod Nastavna Sredstva; 1941. 634 p
[44] Imbrie J. In: Imbrie KP, editor. Ice 
Ages: Solving the Mystery. London: 
Harvard University Press; 1986. 224 p
[45] Smith RO, Bryden HL, Stansfield 
K. Observations of new western 
Mediterranean deep water formation 
using Argo floats 2004-2006. Ocean 
Science. 2008;4(2):133-149. DOI: 
10.5194/os-4-133-2008
[46] Florinet D, Schlüchter C. Alpine 
evidence for atmospheric circulation 
patterns in Europe during the last 
glacial maximum. Quaternary Research. 
2000;54:295-308. DOI: 10.1006/
qres.2000.2169
[47] Schott F, Leaman K. Observations 
with moored acoustic Doppler current 
profilers in the convection regime in 
the Gulf of lions. Journal of Physical 
Oceanography. 1991;21:558-574. DOI: 
10.1175/1520-0485(1991)021<0558: 
OWMADC>2.0.CO;2
[48] Gilman C, Garrett C. Heat fux 
parametrizations for the mediterranean 
sea: The role of atmospheric aerosols 
and constraints from the water budget. 
Journal of Geophysical Research. 
1994;99(C3):5119-5134. DOI: 
10.1029/93JC03069
[49] Millot C. Heterogeneities of in- 
and out-flows in the Mediterranean 
Sea. Progress in Oceanography. 
2014;120:254-278. DOI: 10.1016/j.
pocean.2013.09.007
19
High Resolution Chronostratigraphy from an Ice-Dammed Palaeo-Lake in Andorra: MIS 2…
DOI: http://dx.doi.org/10.5772/intechopen.81395
[50] Rohling EJ, Marino G, Grant KM.  
Mediterranean climate and 
oceanography, and the periodic 
development of anoxic events 
(sapropels). Earth-Science Reviews. 
2015;143:62-97. DOI: 10.1016/j.
earscirev.2015.01.008
[51] Rogerson M, Cacho I, Jimenez-
Espejo F, Reguera MI, Sierro FJ, 
Martinez-Ruiz F, et al. A dynamic 
explanation for the origin of the 
western Mediterranean organic rich 
layers. Geochemistry, Geophysics, 
Geosystems. 2008;9:Q07U01. DOI: 
10.1029/2007GC001936
[52] Rohling EJ. Review and new 
aspects concerning the formation 
of Mediterranean sapropels. Marine 
Geology. 1994;122:1-28. DOI: 
10.1016/0025-3227(94)90202-X
[53] Calvet M. The quaternary glaciation 
of the Pyrenees. In: Ehlers J, Gibbard 
PL, editors. Quaternary Glaciations—
Extent and Chronology: Part 1 Europe. 
Amsterdam: Elsevier; 2004. pp. 119-128. 
DOI: 10.1016/S1571-0866(04)80062-9
[54] Dansgaard W, Johnsen SJ, Clausen 
HB, Dahl-Jensen D, Gundestrup 
NS, Hammer CU, et al. Evidence for 
general instability of past climate 
from a 250-kyr ice-core record. 
Nature. 1993;364:218-220. DOI: 
10.1038/364218a0
